The content of carotenoids and retinoids was compared in the eyes of two Finnish populations of the opossum shrimp, Mysis relicta, which have been reproductively isolated for at least 9000 years: one from the deep, dark, Lake Pääjärvi, the other from the Baltic Sea (Pojoviken Bay). The eyes of the lake population (LP) are highly susceptible to light damage, while those of the sea population (SP) are more resistant. Carotenoids are known to act as antioxidants protecting cells against free radicals and reactive oxygen species; retinoids, on the contrary, may be phototoxic in certain conditions. Analyzed by spectrophotometry and HPLC, the carotenoid content was broadly similar in the eyes of the two populations as regards both total amount and relative proportions of more than 20 components. Noteworthy differences were found in only three of the major components, among these astaxanthin, which was two times higher in SP compared with LP. The most interesting finding was the 1.6-fold higher content of retinoids in LP compared with SP, with retinol as the dominant component (40% of total) in both populations. Retinol is a precursor of the visual-pigment chromophore retinal. The result is consistent with the idea that animals inhabiting extremely dim light environments, where very little photoregeneration of metarhodopsin to rhodopsin can occur, need a large store of chromophore (or precursors) for effective ''dark'' regeneration of visual pigment. We suggest that almost all the rhodopsin is then in the native state and massive pigment activation following exposure to stronger light may trigger photoreceptor damage. If such animals are handled without due light protection, e.g., when transferred to a new habitat or collected for biological experiments, their vision will be severely impaired.
INTRODUCTION
Two interesting populations of the mysid shrimp Mysis relicta Lovén, 1862 became separated at the end of the last glacial period (ca. 9000 years ago). One population (here denoted LP for ''lake population'') was entrapped in Lake Pääjärvi, which now has dark brownish water and is very deep (86 m in the deepest part). The animals live close to the bottom of the lake. The other population (denoted SP for ''sea population'') occurs in Pojoviken Bay, which is part of the Baltic Sea. At the sampling locality the animals go down to 30 m depth, but are still present in a well-lit zone at 5 m.
Despite the fact that these two populations belong to the same species (former subspecies) within the M. relicta group of sibling species and are genetically very similar (Väinölä, 1986) , their eyes differ markedly in light tolerance as well as spectral sensitivity and activation energy of the visual pigment (Lindström and Nilsson, 1988; Lindström et al., 1988; Pahlberg et al., 2005; Audzijonyte et al., 2005; Jokela-Määttä et al., 2005) . In the present work, we are concerned with factors that may underlie the difference in light tolerance. The eyes of the LP are highly susceptible to light damage, whereas the eyes of the SP are quite resistant. In Lake Pääjärvi, all wavelengths shorter than 600 nm are filtered out within the first few meters of the water column (Nilsson and Lindström 1988) , and very little light of any kind remains at the depths inhabited by the LP animals. Thus, they are never naturally exposed to brighter light and indeed would appear to have no need to invest in protection against light damage. If they are brought to the surface during daytime, they become blind for a fairly long time (a circumstance that must be considered in any kind of experiments concerning behaviour and ecology). The resilience of the SP eyes, on the other hand, suggests adaptations involving lower levels of factors liable to trigger light damage and/or particularly powerful protective systems against photo-oxidative stress.
The biochemical basis of the difference remains unknown. Ommine-type pigments, which can offer photoprotection both by optical screening and as antioxidants, have been found to be twice higher in SP than LP animals, but the difference is not sufficient to explain differences in light tolerance (Dontsov et al., 1999) or screening density in photoreceptors (Jokela-Määttä et al., 2005) . Moreover, Feldman et al. (2008) found that the activities of the main antioxidant enzymes (superoxide dismutase and glutathione peroxidase) in the water-soluble fraction free from pigment granules were similar in both populations, and the concentration of vitamin E (a-tocopherol) was even somewhat higher in LP.
Here we focus on carotenoids and retinoids (collectively polyenes), which are obvious candidates for causing differences in light tolerance. Carotenoids are known to play an important role in cell protection as antioxidants JOURNAL OF CRUSTACEAN BIOLOGY, 30(4): 636-642, 2010 against free radicals and reactive oxygen species (Kirschfeld, 1982; Montenegro et al., 2002) . Retinoids, on the contrary, are known to be phototoxic in certain situations (Fu et al., 2003) . They include essential components of the visual cycle, which are present in any eye: the chromophore retinal and its precursors, most notably retinol.
MATERIALS AND METHODS

Animals
The SP animals were caught in daytime from a depth of about 20 m in Pojoviken Bay with an epibenthic sledge ending in a plastic bag. The animals were caught in July and August. The light transmission of the water in the bay peaks between 565 and 585 nm (Lindström et al., 1988) . The LP animals were caught in Lake Pääjärvi from a depth of 60-75 m by a vertical net ending in a cod-end, also in daytime. Prior to catching the animals, water was always collected from the same depth into plastic bags in styrofoam boxes to prevent temperature shock. The transmission maximum of the lake water lies between 600-700 nm and even there, the attenuation is very high. At 10 m depth, the sensitivity of our radiometer (QSM 2500, Techtum Instruments, Umeå, Sweden) was insufficient to measure any light at all, which means the intensity had fallen below the limit (about 10 12 qu 3 cm 22 3 s 21 ) of the integrator unit (Lindström and Nilsson, 1988) . The animals were transferred in dark containers in oxygenrich water at the temperature of the sampling locality to Tvärminne Zoological Station (University of Helsinki), where they were kept in dark aquaria at 4uC for a couple of days before examination. The spectrophotometry was done at Tvärminne and the HPLC in Moscow.
Experimental Procedures
Preparation of the Eyes.-The animals were decapitated and the eye stalks were cut under weak white microscope illumination, just strong enough to make it possible to do the preparation. All the following steps were carried out in a dimly lit room, e.g., with curtains drawn during daytime.
Extraction of Polyenes.-Extraction of polyenes from the eyes was performed by a standard method (Folch et al., 1957) . Some 40 eyes of either LP or SP were put into a glass homogenizer containing 1.5 ml of cool 1 M sodium phosphate buffer (pH 7.5) and were thoroughly homogenized. The homogenate was treated with 5 ml of chloroform and neutral methanol (2:1 mixture) and mixed on Vortex-2 for 2 min. 2 ml of water was added to the homogenate, and the mixture was mixed again for 2 min and then centrifuged for 10 min at 4000 g at 5uC (Sigma 3K12). The lower, yellow-coloured chloroform layer was transferred to a flask and evaporated. 0.5 ml of hexane was added to the sample. To examine if the yellow substance was a carotenoid, the test reaction with sulphuric acid was used (Goodwin, 1986) . For quantitative analysis of extracts, the same dry weight of eyes was taken from both populations. For dry sample preparation 20 eyes were weighed, 1 ml of 96% ethanol was added, and the sample was air dried. Then 1 ml of 96% ethanol was added and the eyes were air dried until constant weight was reached. As a control, 2 ml of 96% ethanol was evaporated and the weight of the residue was determined.
UV-Vis Spectroscopy.-Spectrophotometric measurements on the extracts were performed on a Shimadzu spectrophotometer (Shimadzu UV -1601PC, Japan).
HPLC Analysis of Carotenoids and Retinoids.-The analyses were performed on an HPLC system (Knauer, German) equipped with a diode array detector. Separations were performed on a reverse-phase C18 column (Diaspher-110-C18, 5 micron, 4.0 3 250 mm, BioChemMac, Russia). Solution A was 10% methanol in acetonitrile, solution B-100% ethyl acetate. Carotenoids and retinoids were eluted with linear gradients from 100% solution A to 100% solution B for 70 min. At the end the column was re-equilibrated in solution A for 25 min. The column flow rate was 1.0 ml/min. The monitoring wavelength on the diode array detector Knauer k-2501 was 450 nm for detection of carotenoids and 325 nm for retinoids. Methanol was used as injection solvent. All work was carried out under weak light. The data were processed with the program EUROChrom for Windows v.3.50 (Knauer GmbH). For quantitative analysis of retinoids, the square of each peak on the chromatogram was divided by the dry weight of the corresponding sample. Solvents and standards (astaxanthin, b-carotene, retinol, all-trans-retinal and retinyl palmitate) for HPLC were obtained from Sigma (St. Louis, MO, USA).
RESULTS
The experiments were carried out in the course of five summer seasons (July-August). Altogether, 21 LP samples and 22 SP samples were analyzed, each sample having been prepared from 40 eyes as described in the Methods section. The shape of absorbance spectra was similar across the 5 years. Figure 1 shows typical absorbance curves from both populations, curve 1 from an LP sample and curve 2 from an SP sample. The absorption band at 400-550 nm is characteristic of carotenoids in hexane (Zang et al., 1997) . The presence of carotenoids in the extracts was confirmed by the test reaction with sulphuric acid (Goodwin, 1986) . The shape and amplitude of the carotenoid bands (400-550 nm) were practically identical in the samples prepared from the same amount of material from the two populations. However, the other major absorption band at 280-380 nm (peaking at 320-330 nm) was always much higher in LP than in SP spectra (curve 1 versus curve 2 in Fig. 1 ) when spectra were normalized to the same value at 480 nm. Our tentative attribution of this band to retinoids, which have absorption maxima around 320-325 nm, was confirmed by HPLC (see below).
To cast light on the origin of the compounds detected in the eye extracts, we also analyzed the stomach content of both populations by spectrophotometry in extracts prepared in a similar manner. Figure 2 displays superposed ''eye'' (solid lines) and ''stomach'' spectra (broken lines) for LP animals (top panel) and SP animals (bottom panel). The stomach spectra also have two main absorption bands, one of which (at 400-550 nm) is similar to that of the eye spectra and likely to represent carotenoids. The other one, peaking at 300 nm is clearly different from the shortwavelength band in the eye spectra, however. No absorption peak was seen around 320-325 nm, which would be indicative of retinoids. It thus appears that the compounds absorbing in this spectral domain do not reflect food content, but are products of eye metabolism that differs between populations. Fig. 1 . Absorption spectra of total hexane extracts of eye samples from the Lake (1) and Sea (2) populations. The curves have been normalized to the same value at 480 nm.
Analysis of Carotenoids
An HPLC record of eye extracts (Fig. 3 -top: LP, bottom: SP) obtained with the detection wavelength 450 nm resolved the compounds that make up the absorption band at 400-550 nm (Fig. 1) . Six samples each of the LP and SP populations were analyzed in this way. More than 20 components can be discerned (as indicated by labelled peaks; cf. also Table 1 ), but only two were here identified by comparison with standards: astaxanthin (peak N 3) and b-carotene (peak N 12). The results are plotted (Fig. 4) as percentages of the total carotenoid content represented by each component (black: LP, grey: SP). The profile is roughly similar in the two populations. However, there is a significant difference in the relative proportions of the abundant compounds represented by the first 3 peaks (Table 1) . One of these (peak N 3) is identified as astaxanthin, the percentage of which is two times higher in SP than in LP eyes (P , 0.002).
Analysis of Retinoids
It is evident that the populations differ (Fig. 1) in the amounts of substances absorbing at short wavelengths (280-380 nm). The maximum at ca. 320-325 nm is much higher in the LP than in the SP. Six samples from the LP and five samples from the SP population were analyzed for the compounds absorbing in this domain, which we hypothesized to be due largely to the chromophore of the visual pigment, retinal, together with its precursors retinol and retinyl palmitate (having absorption maxima at 325 nm). The compounds underlying the short-wave absorption band were resolved with HPLC using 325 nm as detection wavelength. The relative composition was similar in the eyes of two populations (Fig. 5) . Of 13 peaks labelled in the figure, four were here chemically identified with standards: retinol (peak N 1), retinal (peak N 2), retinyl palmitate (peak N 10) and its oxidative form (peak N 6). (The identity of other prominent peaks eluded us in the experiments described here and will have to await further study.) Their percentage distribution was approximately the same in both populations (see Fig. 6 and Table 2), with retinol as the dominant component accounting for ca. 40% of total retinoids. The percentage of retinyl palmitate was very low (ca. 2% for LP and 1% for SP), indicating that the main store of chromophore precursor is in the form of retinol.
The absolute retinoid content per dry weight in the eyes of the two populations was determined by quantitative HPLC (Fig. 7 , see also Table 3 ). Black bars refer to the LP, grey bars to the SP. As suggested by the spectrophotometry on total hexane extracts (Fig. 1) , the total amount of retinoids was significantly higher in the LP. As analyzed by HPLC, the LP contained 60% more retinoids (difference significant at P , 0.005), and by far the greatest contribution came from retinol (the amount of which differed between the two populations at P , 0.001).
DISCUSSION
We found clear differences in the polyene content of the eyes of two populations of M. relicta from different light environments. The total amount of carotenoids was roughly the same, but the relative share of some of the components was dissimilar. The most interesting difference between the populations, however, was the larger amounts of retinol and other retinoids in the eyes of LP animals compared with SP animals. The absence of detectable amounts of retinoids in the stomachs justifies the assumption that there is a significant difference in the retinoid metabolism of the visual cells. We suggest that this may reflect physiological adaptation of the SP and LP eyes to different general light levels and could be a major factor underlying the difference in light tolerance, as explained below.
Carotenoids
The total carotenoid content and broad features of the composition profile were similar in the two populations. Carotenoids seem to be of only minor importance for the eye properties that we have been studying. First, they can account for only a small component of the optical screening that causes a discrepancy between eye sensitivity spectra and visual-pigment absorbance spectra in both populations (Jokela-Määttä et al., 2005) . Second, the differences in carotenoid composition found between the populations are too subtle as such to explain the large differences in light tolerance (Lindström and Nilsson, 1988; Lindström et al., 1988) . Still, we did find significant differences in the relative abundances of three components, which together accounted for 30% of all carotenoids in the LP and 40% in the SP. One of these components was identified as astaxanthin, which was twice as abundant in SP eyes as in LP eyes. Astaxanthin is an oxidative product of b-carotene metabolism and transformation of b-carotene to astaxanthin may occur in most crustaceans (Negres-Sadargues, 1975; NegreSadargues et al., 2000) . It possesses higher antioxidant activity than b-carotene and is an efficient inhibitor of lipid peroxidation (Mortensen et al., 1997) . In some marine bacteria and fish aquaculture, astaxanthin has been found to increase in response to stress from strong light or high salinity (Steinbrenner and Linden, 2001; Vázquez, 2001) . We may apply these findings to our present case. The SP lives in coastal sea water, naturally exposed to strong light, high oxygen and variations in salinity and temperature. By contrast, the LP lives in a stable fresh-water, dim-light environment at constant low temperature. The higher astaxanthin in the SP would seem consistent with its greater exposure to stressful variations in environmental conditions and high oxygen. Admittedly, the oxygen content is continuously quite high even in the stable deep-water environment of the LP (Lopez-Bellido et al., 2009).
Retinoids
The higher concentration of retinol and other retinoids in the LP eyes is of particular functional interest. It is consistent with the suggestion by Donner et al. (1994) that arthropods living in very dim light environments need large stores of chromophore or its precursors, because in the absence of enough light for effective photoregeneration of visual pigment, this must be done predominantly by a ''dark'' reaction.
We would like to suggest a hypothetical corollary related to light tolerance. Under sufficient illumination (as for the SP animals), bleaching and photo-reisomerization of visual pigment establish a state of equilibrium between rhodopsin and metarhodopsin in the visual cells. In the dark-dwelling LP animals, however, only a very small amount of the visual pigment is likely to be in the metarhodopsin state, especially if ''dark'' regeneration is effective. When these animals are suddenly exposed to strong light, virtually the full complement of visual pigment is there for absorption of photon energy and activation of phototransduction. Apart from production of several kinds of reactive substances, this will cause a massive rise in cytosolic free Ca 2+ by release from intracellular stores and maybe influx across the cell membrane. An excess of free Ca 2+ is a universal trigger of cell death, and there is evidence that this may happen in vertebrate photoreceptor cells during continuous activation of the transduction cascade (Olshevskaya et al., 2004) . It does not seem far-fetched to suppose that a similar mechanism could cause light damage in the cells of ''Lake'' M. relicta.
A Remark on Practical Consequences
In natural living conditions, high susceptibility to light damage such as found in Lake M. relicta may pose no real disadvantage. However, there may be far-reaching consequences in connection with human interventions. Mysids have been introduced into many lakes both in Scandinavia and North America to improve the food stock available for the fish (Larkin, 1951; Fürst, 1965; Stringer, 1967; Fürst et al., 1984) . Many introductions have failed, sometimes undoubtedly because of unfavourable electrolytic conditions. However, Stringer (1967) , for example, reports that mysids were caught close to the surface at night, but were released at noon. After such a treatment the LP animals studied in the present article would have been practically blind and stayed close to the surface, thereby exposing themselves to predators (see below). In a case referred to by Wolf et al. (1994) from Lake Sakakawea, North Dakota, totally 450,000 M. relicta were introduced at two occasions, 1974 and 1979, with a recatch of only 32 individuals in 1994.
Mysis relicta need bottom contact during the day. At night they swim pelagically, even close to the surface (Beeton and Bowers, 1982; Grönholm, 1980) . The zonation of mysids close to the bottom is strongly dependent on light (Fosså, 1986) . Attramadal et al. (1985) showed that the preferred depth of Boreomysis megalops Sars, 1872 changed after a damaging light exposure. Even slight damage due to excessive light exposure at catching may have serious consequences, as lowered visual sensitivity causes the animals to underestimate the light intensity and ascend too near the surface at night, exposed to predators. Moreover, M. relicta are not very active horizontal migrators, and if they are released in too shallow water, they do not easily escape the too strong light and their eyes may become even more damaged. In biological work mysids are used in great numbers in experiments on food chains, browsing on algae and zooplankton, etc. If such experiments include animals collected from low-light environments, care must be taken not to expose their eyes to damaging light levels, which could change their behaviour very significantly.
Summary
The different physiological adaptations seen as a much higher light tolerance of the eyes of the ''Sea'' population (SP) than those of the ''Lake'' population (LP) are unlikely to depend on a single factor. More likely, they involve several factors, including both: 1) factors liable to trigger light damage, and 2) factors that can afford protection against processes involved in light damage. We suggest that the LP and SP animals differ in both respects:
1) The high content of retinal and retinol in the LP animals is consistent with effective ''dark'' regeneration of visual pigment. In their very dim habitat there is no light-driven equilibration of native rhodopsin and metarhodopsin, so dark regeneration will maintain a continuously high concentration of native rhodopsin in the photoreceptor membranes. Massive rhodopsin activation could be the primary factor underlying the high susceptibility of the LP animals to light damage. 2) Protective systems may include absorption of excessive light by screening pigment in front of the visual pigment, as well as cell protection against free radicals and reactive oxygen species after photon absorption in the visual pigment. In the present work, we found that the SP had a higher content of some carotenoids, most notably astaxanthin, which in other systems has been implicated in protection against environmental stress. Another group of compounds that may contribute to higher protective power in the SP are the ommochromes, which may serve both as screening pigments and as antioxidants (Ostrovsky et al., 1987; see however Ham et al., 1980) . Ommine-type pigments have been found to be two times more abundant in SP eyes than in LP eyes (Dontsov et al., 1999) .
